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InanarticlethatIwrotemorethan6veyearsagocalled，”DigitalPreservation：ATimeBombFor  
DigitalLibraries，”Idrewattentiontheproblemsthatpreservationwouldcreatefbrdigita11ibrariesif  
thisissuewereignored【16】・EveIlthoughmanypreservationissuesremainunresolved，Iarnpleasedto  
reportthatdigitalpreservationhaβreCeivedconsiderableattentionduringthelastnveyearsasamajor  
Obstacletobuildingsustainable digitallibrariesand asacrit．icalareafbrresearchanddevelopment．  
Inthispaper一Iwi1loutlinethemainissuesthatlon針termpreSerVationrequlrementSraisefbrdigita1  
1ibraries，describesomeofthecurrentmodelsfbrdigitalarchiving，anddiscusssomeoftheoutstanding  
issuesた）rreSearChanddevelopment・1willpresentabroadoverviewoftheissuesratherthananinーdepth  
analysISOfspeciAcrnodelsorresearchprojects・TherearesimplytoomanylSSueSaretOOmuChactivity  
toglVealloftheissuesandproJeCtStheatt・entionthattheydeserve．  
Digitalpreservationhasbecomeacommontopicindigitallibraryresearchanddevelopmentfbrseveral  
reasons・First．digit′a11ibrarieshavegonethroughatransitionfromresearchandexperimentalprojects  
toanimportantpartoftheinfraBtruCturehrresearchandteaching・InmanyscientiRc鮎1ds，reSearCh  
depeIldsonaccess topersistent storesofdigitalinformation that arebuilt and renned continuously．  
Consistentwiththecumulativenatureofscholarlyresearch，journalsthatreportresearchfindingsand  
thatmakerefbrencestopreviousstudiesconstituteacontinuousrecordofresearchanddiscovery．As  
SCholarlycommunicationshaveshiftedrapidlyhlOmPrint－basedjournalstoeitherhybridsofprintand  
electronicJOurnalsor toexclusivepublicationin digitalfbrm，the need topreserveacomprehensive  
recordofresearch and scholarly achievement has not diminished．Moreover，libraries，arChives，and  
Otherorganizationshavemadeconsiderableinvestmentsinacqulrlngdigitalcontentandinconvertlng  
Olderprlnt－OnlymaterialsintodigitalfbrmtoimproveaccesstodisparatesourcesthatweredifRcultto  
locateandretrieve・Accordingtothe1998－1999statisticsfromtheAssociationofResearchLibraries，  
maJOrreSearChlibrariesintheUnitedStatesspentbetweenslightlylessthanthreepercenttomorethan  
twenty－OneperCentOftheiracquisitionbudgetsonelectronicjournalsandotherdigitalresources［1］．Few  
aspectsofcontemporarysociet・yandcultureareuntouchedbychangesinthecreation，distribution，and  
accesstoinformation・Therehavealsobeenconcertede拝brtstoraiseawarenessofthepreservationissues  
associatedwithnewinfbrmationtechnologleSOutOfconcernoverthesurvivalofdigitalinfbrmationto  
documentthisrapidshi札incommunications［9，13，26，29】．  
TherapidacceptanceofdigitaltechnoIogleSandthegrowthofdigitallibrariescreatedthreeprlmary  
motivationsfbrinvestmentsindigitalpreservationresearchandprogramdevelopment．First，thereisan  
increaslngdemandibrcontinulngaCCeSStOtheresourcesthatdigitallibrariesmakeavailable．Onceusers  
becomeaccustomedtoaccesslnginforma・tionon－1inetheydonotwantthoseresourcestoberemovedor  
diminished・Second，thereisaninterestonthepartofdigital1ibrarydeveloperstoprotecttheinvestments  
madeindigitalresources，Whetherthoseinvestmentsaresubscriptionfbespaidtopublishersfbron－1ine  
COntent，thecostsofinitialdat・aCOllectionandpreparation，Orthecostsofconvertingprintandother  
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analogmaterialsintodigitalfbrm・Third，thereisaconcernaboutpreservlngdigitalcommunications  
forthefuturestudyofourpresenttimeandculture．Thisincludesthecontentofdigitaldocumentsthat  
mightbe considered ephemeralas wellasevidenceofもheimpactofdigitalcommunicationsonmany  
aspectsofsociety．   
DespiteevidenceofincreaslngCOnCern aboutdigitalpreservation，therearenumeroustechnical，Orga－  
nizational，1egalandeconomiebarrierstoacomprehensiveinfrastructureforprotect・ingandpreservlng  
digitalassets．Themost・familiarproblernSindigitalpreservationaremediafailureordeteriorationand  
rapidchangesincomputerhardwareandsoftwarethatmakeoldersystemsobsoleteonaregularbasis・  
Effbrtstopreservedigitalinfbrmationhavealwaysbeenchal1engedbytherelativeinstabilityandshort  
lif畠ofmostdigitalstoragemedia．Mediafai1uresandundetecteddeteriorationofstoragemediaremaina  
problemfbrdigitalpreservation，buttheissueofmedialongevityhasmcvedintothebackground．There  
havebeenslgniAcantimprovementsinthequalityandlongevityofalmostalldigitalstoragemedia．Al－  
thoughthereisno”permanent”digitalstoragemediumthatmeetsstandardsoflongevityanddurability  
established董br’、permanentpaper”or microAlrn，improvementsinmagnetic and opticalmediareduce  
thefrequencyatwhichdigitalmaterialsmustbecopiedtonewmediainordertopreventdeterioration  
OrlosslInsomecases，tranSftrrlngOlderdigitalinfbrmationtonewmediabringsadditionaladvantages，  
SuChasincreasedmediacapacityandfasteraccesswhicho仔betthecostsofcopylng．Establishedreposi－  
toriesandmostdigitallibrarydesignersaccepttheneedfbrsystematicmaintenanぐeOfdigitalmaterials  
andperiodicreplacementor”refreshing”oftheunderlyings七orage media．Somerecentresearch，dis－  
CuSSedbelow，isdeveloplngautOmatic methodsfbr deもectingandrepalrlngdamagefrommediafailure  
anddeterioraもion［7，10，22］・Mediadeteriorationandlossremainaproblemwhendigitalmaterialsare  
notintegratedintosystematicmanagementandmaintenanceprogramsandwherethereisnoadequate  
SyStemOfsecurityandback－uP．  
AfarmorechallenglngprOblernishardwareandsoftwareobsolescence・1nformationtechnologycont・inues  
toevoIveandeachnewgenerationofhardwareandsoftwaretendstodisplacethehardwareandsoftware  
Ofthepreviousgeneration・Atitsmostbasiclevel，this meansthatevenifdigitalobjectsarecopied  
perfbctly andtransferred tonewstoragemedia，itmaybeimpossibletoretrieve，render，Orinterpret  
theseobjects becauseofincompatibilitiesbetweenthesystemsusedto createthemorlglnallyand the  
Currentgenerationof＄yStemSuSedもoretrievetheseobjects．Consequently，digitalpreservationrequlreS  
bothmaintenanceofanaccuratesigna・1（bytestream）andtheabilitytoretrieveandrecreatethatbyte  
StreamuSlngCurrentOrfuturetechnology．  
The problemofdependencyonrapidly changlnghardwareandsoftwareseemsintractableunlessitis  
broken downinto a numもer ofsmal1er discrete problems andissues．Despite debatesin the digital  
PreSerVationcommunityaboutthebestmethodforensuringlongevityofdigitalmaterials【2，28】，mOSt  
recentprogressistheresultofafbcusonparticularaspectsoftheproblemandattemptstofindsolutions  
to smal1er pleCeS Ofthe puzzle・This approach also has the advantageofbringlng reSearChon high  
Performancemassstoragesy＄temS，metadataandrepresentationschemes，rightsmanagement，anduser  
evaluationto bearon thechallengesoflongevityofdigitalmaterials．Atthesametime，anumberof  
usefulmodelshavebeen put fbrwardasanoveral1たameworkfbrdigitalpreservationthata1lowusto  
understandhow di恥rent approachescontributesolutionstodigitalpreservationissuesandhelp usto  
identi＆whichpiecesaremisslng．  
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● TechnicalStrategleS   
Digitalpreservationtodatehasreliedontwomaintechnicalstrategies：Standardsandmlgration．Tech－  
nicalstandardsfbrm aibundationfbr muchofwhatmakesdigita11ibrariespossible．Standards and  
protocoIsfbrstorage，datafbrmats，bibliographiccontrol，display，retrieval．transport，anddistribution  
areimbeddedintheillfrastructurethatmakedigitallibrariesaccessible，manageable，anduseable．In  
theareaofdigitalpreservation，StaI－dardsissuesprimarilyconcernencoding，datafbrmats，andrepre－  
Sentationschemes・ArchivistsandlibrarianstendtofavoropenstandardsoverdeJbcioorproprietary  
Standards董brtworeasons・First，OpenStandardsarepublishedandreadilyavailablewhereasdefhcio  
Standards（e・g．Standardsbyvirtueofcommonuseormarketplacedominance）tendtobeproprietary．  
IfadigitalpreservationstrategydependsonproprletaryStandards，thenthelong－term丘ItureOfdigital  
resourcesinthatproprietarystandardisdependentuponthelongevityofthefirmthatownsthestan－  
dardoronitscontinuedmarketdomi11allCe・Second，OpenStandardsaredevelopedthroughaconsensus  
PrOCeSSWhere variousparties with aninterestin thestandard haveopl）Ortunitiestocontributeto or  
COmmentOnitsmerits・Inanidealworld，institutionsthatarebuildingdigitallibrariesandindividuals  
Withparticl11arexpertisein this areawouldparticipateactivelylnStandardsdevelopmentsthat a鮎ct  
theabilitytopreservedigitalinfbrmationandlowerthecostsofdoingso．Digitallibrarieswouldthen  
adoptpoliciesthatlimitthematerialsintheirco11ectionsonlytothosethatconfbrmtoopenstandards．   
Intherealworld，thereareanumberoflimiもationstorelianceonstandardsaloneasadigitalpreservation  
Strategy［28］．First，therearemanyareasfbrwhichnotechnicalstandardsyetexist．Commonly，neW  
typesofmedia，neWhrmsofrepresentation，andotherinnovationsprecedethedevelopmentofeitheropen  
OrPrOPrietary＄tandard＄・TypICalexamplestodayincludedigitalaudio，digitalvideo，COlorrepresentation  
＄Chemesfbrimages，andmulti－rnediaobjects，a1lofwhicharebeinggeneratedincompetingtbrmats．  
Second，inもheabsence ofopenstandardsfor many aspects ofdigitalobjects，PrOPrletaryStandards  
becomethe deJbciostandard．Evenwhereopenstandardsexist，they maynotbeeHectivebecause a  
PrOPrieもarystandardistechnicallysuperiortoanopensta．ndardorbecausefbwornovendorsproduce  
productsthatconfbrmtotheopenstandard．Third，StandardschangeandevoIveovertime．Evenstrict  
adherencetostandardswillnotelirninatetheneedeventuallytoconvertdigitalmaterialsinobsolete，but  
Standardformats，もonewerfbrmats．Finally，eVenifthereareacceptedandimplementedstandardsfbr  
thetypesofmaterialsthatadigital1ibrarycollectsandwishestopreserve，thedigitallibrarydevelopers  
maynotbe able to en払rce those standards on the nrms，Organizat－ions，andindividuals that supply  
infbrmation toit．   
Despitetheselimitationsons七andards asanunderlyingdigitalpreservationstrategy，therearemany  
areaswherestandard playanimportantroleindigitalpreservation■ Digitallibrariesthatbuildtheir  
CO11ectionsaroundparticulartypesofmaterialsslユChastechnicalreports，electronicjournals，Orimage  
COllections，Canbene免t from＄tandards that have beenadopted or are emerglng董br those particular  
typesofmaterials．UseoftheStandardGeneralizedMarkupLanguage（SGML）andnowtheExtensible  
Marknp Language（ⅩML）prqvidesoneexampleofsuccessfulstandardization・SGML ha・S PrOVen a  
Particularlyrobust8tandakdfor＄tOringtextualdocurnentSindigitallibrariesinspiteofthefactthat  
therearerelaもively良wcommercialproductsthata1lowuserstogeneratedocumentsinSGML－COmpliant  
払rmats・Intheareaofimagefiles，theTaggedlmageFileFormat（TIFF）ispopulardespiteconcerns  
aboutconsistencyinsuchareasascolormaもching【20］．Insummary，Standardsareusefulifthereisa  
COnSenSuSinthepreservationcommunityaboutwhichstandardorstandardsaree鮎ctivefbraparticular  
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typeofdigitalmaterial，iftherearereadilyavailableproductsthatconfbrmtoorsupportthest・aJndard，if  
thestandardhasademonstratedtrackrecord，andifmanagerscanrequirecompliancewiththestandard  
asaconditionofinclusioninthedigitallibrarycollection．Althoughtheseconditionsmayapplyonly  
inaminorityofcases，itisonestartingpointfbrreducingthelon㌢termPreSerVationcostsofdigital  
1ibraries．   
Migrationisthernost widely deployed technicalstrategyln rePOSitoriesthat haveestlablished digital  
holdings∴Migrationhasbeendefinedas”asetoforganizedtasksdesignedtoachievetheperiodictrans－  
f6rofdigitalmaterialsffomonehardware／softwarecon免gurationtoanotheror丘omonegenerationof  
computertechnologytoasubsequentgeneration”［26］．Subsequentresearchonmigrationhasdemon－  
Stratedthatthereareseveraldi鮎renttypesofmigration，eaChofwhichmaya鮎ctthedigitalproducts  
that result．Dollar and Wheatley each developed tIaXOnOmies fbr mlgration based on the degrees of  
transfbrmationtotheorlglnalbytestreamandamountofhumane鮎rtortechnicalcomplexityinvoIved  
indi鮎rentmigrationstrategies・Dollar’sschemaconsistsofcopying，refbrmatting，andconversion［11］．  
Wheatley’scategorizationisbasedontheimpactofvariousmigrationstrategiesonthefunctionalityand  
lookandfbeloftheorigina1lobjectanditincludesbothdataandsoftwaremigration［36］．Lawrence，et．  
al．，developeda血・ameWOrkfbr ariskassessmentofvariousmlgrationstrategleS that allowsarchivists  
andlibrarianstoassesstherisksaぷSOCiatedwithmigrationfromaspecificsourcefbrmatt．oanewtarget  
払rmatandthatplacesriskthecontextoflargerorganizational，hardware，SOftware，andmetadatafac－  
tors［21】・rrhis＄tudyidentiRedseveralriskcategoriesa＄SOCiatedwithmigrationincluding，COntentnXity，  
SeCurity，COnteXtandintegrity，references，COSt，Stafnng，functionality，andlegalconsiderations．These  
re丘nementstotheconceptofmigratiorlareeSPeCial1yusefulbecausetheyprovideatechnicalframework  
fbrdiffbrentiatingsolutionsandapproachesbasedonthetypeofsourcenleandtheavailableoptionsfbr  
atargetfile・Theyalsoconsider avarietyofinstitutionaland other context－SPeC捕．c factors that may  
in触encetheuncertaintyofdigitalpreservationstrategies・  
Migrationasadigitalpreservationstrategyhasbeen criticized ontwogrounds［28］・First，migration  
invoIvessometrans董brmationoftheorlglnalbytestream，eXCePt Where mlgrationis sosimple thatit  
invoIvesonlymaking an exactcopyofthe orlglnalbytestreamonnewmedia・Yeteven withsimple  
COPylngandexactreplication，thebytestreamrnaybecorruptedbysoftwarebugs，mishandlingofdata，  
OrmeChanicalfailureoftheinputoroutputdevices［21】■ChangestotheoriginalbytesteammayinvoIve  
lossofinfbrmation，1ossoffunctionality，theintroductionoferrorsintothetarget別es．orchangesinthe  
Way七heinた）rmationisrenderedtousers．Forexample，COnVerSionofdocumentscreatedinacommon  
WOrdprocesslng apPlication，SuChas Microsoft WordorWordPerhct，tOamOrepOrtable fbrmatmay  
invoIvelossoffbrmatting，Changestopagelayouts，1ossofmeaning飢11contentsuch ascommentsand  
annotations，tranSformation ofcolorimages to gray scale，andloss ofthe ability tofurther edit or  
extractinformation丘omthedocument・Althoughsuchchangesmaynotdiminishthevalueorpotential  
reuseofcertaintypesofdigi七alresources，ibrsometypesofdigitalinfbrmationthesetransfbrmationsmay  
underminethepoten七ialfbrreuseofthepreservedobject．Moreover，aSdigitalobjectshavebecomemore  
COmPlexintheirstruCtureandbehavior，Onlyasmallpercentageofdigitalmaterialscanbepreserved  
meaningfu11ysimplyby七ransfbrringtheorlglnalbytes七ream七OaneWmedium，makingsometypeof  
COnVerSionnecessarylnmOStuSeSOfmigrationasapreservationstrategy・  
Asecondcriticismofmigra・tionconcernsthepotentialfbrmlgrationtoscaleuptothesizeanddimensions  
Ofthedigitalpreservationproblem．Migrationisnotaunitaryone－timeproce＄Sbecause，aSRothenberg  
POintsout，’【m］igrationrequiresauniquenewsolutionhreachnewfbrmatorparadigmandeachtype  
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Ofdocumelltthatis to be convertedto anew fbrm”［28］・Widescale adoptionofstandards bythe  
producers，distributors，rePOSitories，andusers ofdigitaldocumentsmayreducetheintervalsatwhich  
newconversiollplanshavetobe developed and carriedout，but thislevelofagreementonstandards  
appearstobetheexceptionratherthantherulewhenweconsiderthefullrangeofcommunitiescreating  
digitalmaterialsthatmaywarrantpreservation．  
Withoutwellestablishedstandards，eaCh mlgrat・ion requlreS a CuStOmized approach thatinvolvesan  
a］nalysisofthesourceAletbrmat，aSelection ofatargetfilefbrmat，andaconversionuslngeithero阻  
七he－ShelfproductsorprogramswrittenspeciBcallyfortheconversion．Thereisnogenerico丹1the－Shelf  
SOftwareavai1abletoimplementmlgrationasageneralpreservationstrategy，althoughsomecommercial  
productsincludeseveralgenerationsofbackwardcompatibilityaswe11asimportandexportfunctionality  
fbrrelatedclassesofdocuments，images，OrdataAles［21］・Wherecustomdesignofconversionprograms  
is necessary，thereislittle relationship between the quantity ofdigitalinfbrmation that need＄tO be  
COnVertedandthecostofthemlgration・AdigitallibrarymighteasilyinvestasmanyreSOurCeStOmlgrate  
OneSmallbut complexfile asit does to mlgrateSeVera11arge．but consistentlystructured databases．  
Therearealsoconcernsaboutthetechnicalftasibilityofmigratingverylargedatabasesinthemultiple  
terrabyterange．ArecentreportfromstorageexpertsattheNASAGoddardSpaceFlight・Centerpointed  
Outもhatinputandoutput（Ⅰ／0）t・ranS丘rrateshavenotacceleratedasrapidlyasstoragecapabilities．  
Forverylargedatabases，eVenifmigrationiscarefullyplannedandundertakenassoonasanewstorage  
SyStemisinplace，theremightrnotbeenoughtimetotransfbrallofthedatatothetargetsystembefbre  
thetargetsystemitselfbecomesobsolete［15］，  
Emulationisunderinvestigation as an alternative to mlgration．Onemodelfbremulation，PrOpOSed  
by Rothenberg，entails preservation ofthe originaldigitaldocument（bytestream）and the original  
applicationsoftwareand operating system used to create the document，the creation ofan emulator  
SPeCificationthatcanbeusedatsomefuturedatetowriteanemulatorthat，wi11runonafuturehardware  
Platfbrm，andthecreationofdocumentationthatremainhuman－readableand provideinstructionslbr  
futureaccessanduseofthedocument【28］・1ntheory，thisapproachhasseveraldistinctadvantagesover  
mlgration．First，nOtranS払rmationsoftheorlglnalbytestreamarenecessary・Bypreservlngtheorlglnal  
documentalongwiththesoftwarenecessarytoreproduceit，adigitaldocumentcanbepresentedtousers  
inthefuturewithitsorlglnal”lookandf6el”andfunctionalityintact・Emulationisalsoconsideredto  
bemorecoste鮎ctivebecauseaslngleemulatorfbraparticularhardwareconfigurationcouldbeusedto  
acces＄alldigitalinfbrmationthatrequlreSthatcon貢guraもionfbrretrievalandviewlng・Finally，aCCOrding  
tothismodel，emulatorsdonothavetobewritten王breachchangeinhardwarecon負gurations，butonly  
onanasneededbasiswhenauser wishestoretrieveinfbrma，tion dependenton aparticularhardware  
plat払rm［28］．  
Researchunderwayonthetechnicalfbasibilityofemulationraisesquestionsaboutemulationasaunified  
concept【14，23］．AnalysesandtestsoftheRothenbergproposalrevealpotential且awsorahighdegree  
riskiffuturerecoveryofpreserved digitalinfbrmationdependsontheabilitytowriteemulatorson  
anasneededbasisatsomepointinthefuture．Inoneexperimentthatdevelopedanemulatorfbran  
operatingsy＄temWhichha・dbeenobsoletefbrnearlytwodecades－theinvestigatorswouldnothavebeen  
abletodevelopanemulatorbasedonavailabledocumentation・Rathertheyreliedonaccesstosomeof  
theoriginaldevelopersofもhesystemandtheirownknowledgeofittocopewithmanyundocumented  
work－arOund＄thatprogrammershadintroducedintotheorlglnalsystemtoovercomewhatwere，atthat  
time，hardwareandmemorylimitations．【37】．Onecouldarguethatsuchproblemsaretobeexpected  
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whenwritingemulatorsforobsoletesystemsbecause thereis noframeworkfbrexpresslngemulator  
specifications・Lorie，however，COntendsthatcreatingaperfbctandcompletedescriptionofanysystem  
architectureisanotoriouslydifnculttask，implyingthatevenifemulatorspeciRcationswereinplaceand  
widelyadopted，itwouldbedi侃culttoanticipateallofthenuances，WOrk－arOunds，andtacitknowledge  
thatwouldhavetobespecifiedfbrmally［23］・Lorieadvocatesanalternativetothewritingemulators  
ondemandbywritingemulatorsinthelanguageofaUniversalVirtualComputer（UVC）・Ourresearch  
intheCAMiLEONprojecttestlngemula七ionasapreservationstrategyfbranobsoletecomputergame  
furtherrevealedthattherearemanyversionsofemulatorsavailableandthattheyvaryconsiderablyin  
theirabilitytoreproducetheorlglnal”look－and－ftel”ofcomplexdigitalobjects・Inarecentexperiment，  
userswhocomparedamlgratedoremulatedversionofacomputergametothesamegamerunnlnglnits  
orlglnalnativeenvironment，general1yfbundthemlgratedversionmoreliketheorlglnalinpartbecause  
athoroughmigration（complete rewriteoftheoriginalcodetorunonacurrentplatfbrm）perfbrmed  
moreliketheoriginalprogramthanaPOOremulation［32］・  
Whileitisprematuretor毎ectemulationasadigitalpreservationmethod，reCentreSearChandexper－  
imentationindicatesthatthismethodfallsshortofRothenberg’sidealsolutionwhich”shouldprovide  
asingle，eXten＄ible，long－termSOlution that can be designed once and払r alland applied unifbrmly，  
automatically，andinsynchrony”［28］．Currentresearch on emulationisattempting to de負ne where  
emulationmaybethemoste仔ectiveorthemostcost－e熊ctiveapproach，SuChas董brobjectswherethe  
behavioroftheorlglnalmustbearchived，fbrretrievalorsalvageofdatastoredinobsoleteた）rrnatS，and  
Perhapsfbr cla5SeSOfdigitalobjectswhere aslngle emulatorcan provideaccesstoalargenumberof  
Objects．  
Therearethreeothertechnicalapproachestodigitalpreservationthatwarrantmentionbecausetheymay  
havesomeroletopla．ylnPreSerVlngCertaintypesofdigitalobjectsorinhybrid＄01utions・Thestrategy  
Ofprlnトto－paperisso primitivethatitbarely deserves attention，eXCePtfbr thefactlthat printlngtO  
PaPermaySerVea5aStOPgaPmeaSurefbrpreservlngdigitalinfbrmationinverysimplefbrmats，SuChas  
aneXaCtpageimage，1ninstitutionsthatlackthetechnologyinffastructureandcapacitytopursueother  
methods．Thisapproachhowever，isbecomlnglnCreaSlnglylirnitedinitsapplicationasdigitalobjects  
becomemorecomplexandastheycontainmoreftaturesand／orbehaviorsthatcanonlybepreservedor  
replicatedif七hematerialsarepreservedindigitalfbrm・Anotherapproachrelieson”computermuseums”  
Or repOSitoriesofobsolete computerhardware，peripheraldevices，OPeratingsystems，and application  
SOftware［30］・Computer museumshavebeen ruled out as along－termPreSerVation strategy because  
OftheimpossibilityofkeeplngCOmPuterSOrperipheraldevicesinoperatingconditionforthelongrun・  
Thereare attemptshoweverinafbwmuseumstoextendtheusefullif60fobsoletehardwareandthese  
COuldintersectinameaningfulwaywithefFbrtsbylibrariansandarchiviststosalvageobsoletematerials・  
Final1y，digitalarcheologyreftrstoavarietyofmethodsthatcanbeusedtoaccessdataonmediathat  
havebeendamagedindisasters，丘omageorneglect，OrWherethehardwareandsoftwareareeitherno  
longeravailableorareunknown．RossandGowsummarizedtheres111tsofseveralcasestudiesofdata  
recoveryuslngdigitalarcheologyandconcludedtha．twithsu臨cientresources，muChmaterialthatseems  
lostwhenmediaaredamagedorallowedtodeterioratecanberecovered［27］．Theoperativequestion  
fbr digitalarchaeologyisthequestionofsufBcientresources．Thecasestudiesshowthatdatarecovery  
isveryexpensiveandoftenonlypartial1ysuccessful．Therefbre，digitalarchaeologylSuSefulonlyasa  
lastresortandonlywhendatatoberecoveredhasextraordinaryhighvalue．  
Makingprogressonthetechnicalfrontdependson aba，ndoningthenotionofaslngleone－Sizeqfits－all  
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solutiolltOdigitalpreservation．Librarians，arChivists，digitallibrarydesigners，andevenprivatecitizens  
Ileed guidance now on the mostIaPPrOPrlate，COSt－e鮎ctive，and risk averse options to use while the  
researchcommunltydevelopsmoree恥ctivetechnicalapproaches．Somegeneralguidelinesareavailable  
basedonsuchfactorsa5filefbrmats，aVailablestandards，andcost［3，18，21］．Althoughthetechni－  
calmethodologleSare radically different，theprocessofselectingappropriatemethodsfromasuiteof  
possiblestrategleSissimilartopreservationadminist・rationbrcol一Ventionalmaterialswherelibrarians  
orarchivistsconsidersuchfactors as thenatureoftIheorlglnalrnaterial，itscurrentcondition，andits  
POtentialusesbe払re cllOOSlng a partlicular approach to preservation・Onthe researchftont，thereis  
considerableworktobedoneinevaluatinghowdi熊rentteclmicalapproachescanworktogethertobest  
addressdigitalpreservationunderaparticularsetofcircumstances・Ratherthanworkingtowardtheone  
best．metllOdforpreservlrlgdigit．almaterials，IenvisionasuiteofmethodsandtooIsandanassociated  
setofdecision－makingt・001stllat・Wi11helpcollect▲ionma・nagerSSelectthosethataremostappropriatefbr  
theirspeci鋸condit・ions・  
OperationalModels and Programs   
Digitalpreservat」ionis di爪cult to unt・anglefrom many other digita11ibrary functions・Preservation  
concernsmaya熊ctcollectiondevelopmerlt∫ifadigitallibrarylimitsthematerialsitwi11acqulretOthose  
thatcoIlfbrmtodesignated standards・Likewise，PreSerVlng digitalmaterialswouldbepointlessifa  
digitallibrarycouldnotprovideameansfbraccesslngthcmaterials・Theinter－relationshipsbetween  
collectiolldevelopmeIlt，PreSerVation，aIld access，however，addlevelsofcomplexltytOdigitallibrary  
developmentthataredi庁iculttoaddresswithoutsomemethodofbreakingtheinter－dependenciesdown  
intoreasonableandsoIvableproblems．Thesecloselyrelatedissues alsoinnuencehowdigital1ibraries  
aredesignedand administcred・Recentconceptualworkonarchival餌nctionsande鮎rtstodevelop  
operationaldigitalrepositoriesprovidesomeusen11framesofrefbrencefbrintegratingdigitalpreservation  
intodigitallibrarydesignandoperations・  
TheOpenArchivalIrlformation Syst・emS（OAIS）ReftrenceModelhasbeenadoptedbyanumberof  
digital1ibrariesasabasicrrameworkfbrde餌ingdigitalarchivingfunctionsandfbrorganlZlngdigital  
repositories［6】．TheOAISrefbrencemodel，aPrOpOSedISOstanda∫d，WaSdevelopedbytheConsultative  
CommitteeonSpace DataSvstems asaframeworkfordesignlngrepOSitoriescapaJbleofstorlngand  
managlngthetypesofdataeO11ectedandarchivedbymernberspaceagencies，butithasresonatedwith  
avarietyofdigitalpreservationinitiat・ives・Then－Od（チIisahigh－1eveldescriptionoftheenvironmentfor  
anoAIS，thetypesofinformat＜ionthatIanOAISmustbecapableofhandling，andfunctionsthatare  
necessarytomaintainanOAIS．AnOAISoperat・eSinanenviroIlmentWherethereareproducers（people  
orclientsystems）thatcreatedatatobearchived．managementthatset・SOVerallpolicyfbrtheOAISbut  
doesnotoverseeitsday－tO－dayoperations．andconsumers（peopleorclientsystems）thatinteractwith  
theOAISto茄ndandacqulrePreSerVedinfbrmation・AnOAIScontrainsofanumberinfbrmationobjects  
（calledpackages）thatconsistofcontentinfbrmation，PreSerVationdescriptiveinfbrmation，PaCkaging  
infbrmation，anddescrlPtlVeinfbrmation・TheOAISfurtherde伽esthreetypesofinfbrmationpackages：  
asubmissionInformationPackage（SIP）thatissuppliedt・OtheOAISbytheproducer，andArchival  
InfbrmationPackage（AIP）t・hathasallofthequalitiesneededfbrpermanentorlong－termPreSerVationof  
anin払rmaもionobject，andaDisseminationInfbrmationPackage（DIP）tha・tisdistributedtoaconsumer  
uponrequest．Thehigh－levelfunctionsoftheOAISincludeingest（acquiringSIP’sandpreparingthem  
岬9 【   
fbrarchivalstorage），arChivalstorage，datamanagement，administration，andaccess・  
TheOAISmodelhasbeenusedinanumberrecentprojectstodeveloprepositoriesthatarecapableof  
acqulrlngdigitalinfbrmation，PreSerVlIlgitfbrlong－periodsoftime，anddeliverlngdigitalinfbrmationto  
users．ProjectNEDLIB，the NetworkedEuropeanDepository Library，uSedtheOAISrefbrencemodel  
tomodelもhefunctionsneededfbraDepository SystemfbrElectronic Publications・Accordingtothe  
NEDLIBdevelopers，theOAISmodelprovidedacommonconceptualflameworkandterminologythat  
madeitpossibletocommunicatewithpartnerinstitution＄and withotherlibrariesthataredeveloplng  
depositorysystems払relectronicpublications［24，35］・Asahighー1evelref6rencemodel，theOAISdoes  
notspeci＆particularstandardsfortheinformaもionpackages，nOrdoesitrequlreaParticulartechnical  
StrategyfbrarchivalsもOrage and datamanagement・Thisleavesdigitallibrariesandotherreposit・Ory  
developerswithagreatdealofAexibilityinthepreciseimplementationofanOAIS－COmpliantrepository，  
butitalsorequiresagreatdealofworkonthepartofeachdigitallibraryorconcernedcommunityto  
adopt standards or develop speciBcations that satisfy the needs and requlrementS Oft・heir particular  
COmmunitiesofproducersandusers．   
Severalprojects have added further re負nements to the OAIS modelor to particular aspect・S Ofit・  
NEDLIB，払rexample，developedstandardsfbritsDepositorySystemthatcoveredsubmission，arChival  
storage，datamanagement，aCCeSS，administration，andpreservation［12］・TheCEDARSProjectinthe  
UnitedKingdom，developeddraftspecificationsfbrpreservationmetadatathatfurtherre月・netherequire－  
mentsfbrcontentinfbrmation，PreSerVationdescriptivein払rrnation，andrepresentationinibrmation［5］・  
Inaddition totheuseofthe OAISmodelintheconceptualizationanddesignofdigitalrepositories，it  
hasthepotentialtocreatealargermarketfbrstoragesystemsandotherproductsthatvendorsmight  
produceto＄uPPOrtpreSerVationfunctions．Finally，themodelcouldbeusedbyexistingdigitallibraries  
to assesswhether their current architecture，administration，and datahandlingprocedures meet the  
requlrementSforlong－termPreSerVation．   
TheOAISmodelprovidesausefulconceptualffameworkforconsideringdigitalarchivlngrequlrementS  
anddeveloplngrePOSitoriesthatsatis＆thoserequirements・Butmodelssuchastheseareusefulonly  
totheextentthattheorganizationsresponsiblefbrdeveloplngdigitallibrarie＄alsocreatemanagement  
structure＄thaもconsiderpreservationanimportantrequlrementfbrdigital1ibrariesandthatcanmobi－  
1izetheresourcesnece＄SarytOSuPPOrtdigitalpreservation．Researchondigitalpreservationneedsand  
requlrement＄indicatesthatwhilealmostallmaJOrreSearChlibrariesarebothacqulrlngdigitalmaterials  
andconvertingportionsoftheir analogcollectionstodigitalfbrm，mOSt areStilltreatingpreservation  
issuesasanafterthought［17】．Thereareseveralfac七or＄thathaveworkedagainstdevelopmentofclear  
managementstruCtureSfbrdigitalpreservation・First，manyearlydigitallibraryprogramsandmany  
projectstodevelopdigitalcollectionswerelaunchedasresearch，eXPeriments，OrSpeCialprojectswith  
no consideration fbr preservlngthe assets that each programor project developed・Second，beyond  
conceptual丘ameworks）SPeCiBcstandardsfbrsomedatafbrmats）andafbwper＄istentrepositoriesthat  
areunderdevelopment，therearenoworkingmodelsofwell－integratedandcost－e鮎ctivedigitalpreser－  
vationprograms・Third，COmPetlngClaimsaboutthetechnicalf6asibilityore鮎ctivenessofdi鮎rent  
preservationmethodologieshascausedconfusionamongprogramadministratorsandpossiblypromoted  
a，”wait－and－See”attitude［171．Final1y，therearenowelldeveloped丘nancialmodelsfordigitalarchiving  
thatcanhelpmanagersassesstheoveral1costsofaddingpreservationcapabilitiestodigital1ibrariesor  
tocomparetherelativecost＄Ofdi仔trentstrategies・  
一10一   
CurrentResearch and OngolngIssues   
TheincreaslngamOu11tOfresearchunderwaythatdirectlyorindirectlyaddressesconcernsaboutthe  
longevityofinft＞rmationisanotherencouraglngSlgn that digitalarchivinghas become animportant  
issuefbr digitallibraries．The Arst round ofNSF－SPOnSOred digital1ibrarie＄reSearChin the United  
States（Du－1），forexample，did notinclude anyprojects relatedtolong－termpreSerVation，Whereas  
digitalpreservationisincludediIISeVeraloftheprojectsfunded bythe curreIltPrOgram（DLト2）・In  
additiontotheNEDLIBprojectinEurope，SeVeralothernationallibrarieshavelaunchedexperimental  
programstodevelopdigitalarchivingcapacity［4，31，34】・Anumberofnonqgovernmentorganizations  
inthe UnitedStatesand Europe are alsosupportingdigitalarchivlngaCtivitiesincludingthe Digital  
LibraryFederation，theCoalitionforNetworkedInfbrmation，theCouncilforLibraryandlnformation  
Resources，OCLC，theResearchLibraries Group，andseveralprlVatefoundatiorlS・Severalpublishers  
havemadecommitmentstoarchivlngtheelectronicJOurnalsthattheyown，COntrOl，Orredistributeand  
toconducttheunderlyingresearchnecessarytomeetthesecommitments・Theextenttpowhichindustry  
isinvestinglnreSearChonthisproblemremainsunclear．althouglltherearesomeindustry－basedprojects  
underwayaswell［23］．Ratherthanprovidingacomprehensiveoverviewofongoingdigitalpreservation  
reseaJrCh，1wi11touchuponsomeoftheissuesthatarebeinglnVeStigatedandthenconcludewithsome  
thoughtsonunresolvedissues・  
Severalresearchprojectsareinvestigatingwaystoimprovebasicdigitalpreservationmethodsbymaking  
them morerobust，SCaleable，reliable，and cost－e打ective・The PRISM proJeCt at Corne11Universlty  
isinvestigatinglong－termSurVivabilityofdigitalinfbrmation｝reliabilityofinfbrmationresourcesand  
services，interoperability，SeCurityandmetadatathatmakesitpossibletoensureinfbrmationintegrlty  
indigital1ibraries．ResearchersatCornellaretranslatingtraditionalpreservationstrategiestopolicies  
andpracticesfbrthedigitalrealminordertodevelopdigit・alpreservationtooIsandmechanismsthat，  
totheextentpossible，Canbeintegratedintothedigital1ibraryservicesandoperations・Byintegratlng  
preservationinもothedigital1ibraryservices，mOreOfthedecision－makingcanbeautomatedandenfbrced  
bythesystem，1eadingtomorecosレeHectiveandconsistentpreservationpractice［8］・Researchersat  
StanfbrdUniversityaredesignlngandimplementingamodern，SCaleabledigitallibraryrepositoryby  
investigatingsevera用1ndamentalproblemsincludingidenti且cationofdigitalobjectsin adistributed  
andchanglngenVironment；thereplicationofdigitalobjectsfbrarchiving；themanagementofmetadata；  
distributedindexingmechanisms；androbustandscaleableawarenessschemes・TheStanfbrdresearchers  
havedevelopedarnodelforan archivalrepositoryandasimulationtoolthatcanmodelriskfeatures  
ofdigital1ibrariesincludingmediaandfbrmatfailurefbrmultiplefbrrnatSandcomponentsofadigital  
1ibrary［7，10］．LOCKSS（LotsofCopies KeepStu仔Saf盲）is aproject at Stanfbrd Universityt・hat  
istestingasystemfbrpermanentpublishingandaccesstoimmutabledigitalcontent，SuCha5peeト  
reviewedelectronicJOurnals・LOCKSSuseso阻the－Shelfopensourcesoftwaretomanageawebcacheat  
eachparticipatinglibrary・The＄yStemdetectsandrecovers丘omfailuresbyensurlngthataminimum  
numもerofcopleSareaVailableinthenetworkofcaches7byidentifyingcopiesthathavechanged－andby  
replaclngdamagedcopleSWithwhatthesystemagreesisanundamagedcopy・LOCKSSrequiresminimal  
equlPment，maintenance，Orhumanoversight，althoughitsuseislimitedtostablet，yPeSOfdigitalobjects  
［22】．  
Researchis underwayonthe questions ofintegrlty，authenticity，anduser requlrementSfor digital  
archives．Auもhenticiもyandin七egrityofdigitalinfbrmationhavebeenunderlyingconcernsindigital  
榊11－   
preservationbecauseoftheeaseofalteringdigitalobjectsandthedynamicnatureofdigit・alinfbrma－  
tion．Moreover，PreSerVationstrategiesthattransfbrmdigitalobjectsintost・andardfbrmat▲Stbreaseof  
preservationorthatconvertdata丘omone董brmattoanotherinamlgrationprocessmaycompromisethe  
authenticityoftheorlglnalobject・Theissuesofintegrity，authenticity，anduserrequlrement・Sfbrdigital  
archiveswereaddressedmostlyonatheoreもicalorhypotheticalbasisuntildigitallibrariesdevelopedtoa  
pointwherepreservationbecameafundamentalconcern・Theprojectsdiscussedabovearealladdresslng  
integrityofdigitaldataatthelevelofexactreplicationofdigitalobjectswhenthevarecopiedorusedas  
redundantback－uP．Someofthedigitalpreservationresearchisgolngbeyondthistoconsiderhowusers  
reacttodigitalobjectsthatmayhavebeenalteredinsomewayandhowtorepresentdigitalobjectsto  
usersinawaythat，theycantruStthevalidityofthedigitalinfbrrnationtheyreceivewhenexactreplicaq  
tionisnotfbasibleoverthelong－term．TheDataProvenanceProjectattheUniversit・yOfPennsylvania  
isdeveloplngmethodstoallowusersofdatabasestodeterminethesourceandprovenanceofanypiece  
ofdat．athatappearsintheresultsetofadatabasequeryandtoassesswhythisparticulardataelement  
appearedintheresultset【33］．Inthe CAMiLEON Project′，Weareinvest・igatinguser pre丘rencesfor  
differentversionsofpreserveddigitalobjectsandanalyzlnghowusersde負neauthenticityofobjectsrun－  
nlngintheirnativesoftwareenvironmenも，runnlngunderernulation，anddeliveredinmlgratedversions  
［32］．Researchonuserrequirementswillenabledigitallibrariestoprovidetransparencywithregardto  
Changesindigitalobjectsthatwerenecessaryforlong－termPreSerVationwithoutunderminlngthebasic  
integrityandmeanlngOftheinfbrmationthathasbeenpreserved・   
Despiteconsiderableresearch and development duringthe past貧veyears，therp aresevpraloutst・and－  
1ngqueStionsregardingthescaleabilityofdigitalpreservationmethods，inteトOPerabilityamongdigital  
archives，andtheextenttowhichthemethodologleSdevelopedtodatecanbeappliedingeneraltothe  
wide varietyofdigitalmaterials that may warrantlongqtermpreservation．Most ofthe researchand  
developmentprojectshaveconcentratedon particulartypes ofdigitalmaterials，SuCh asspacescience  
data，electronicJOurnals，Orimage別es．In general，reSearCh and development has not addressed trhe  
VeXlngPrOblemofdynamic digitalobjects that are ffequently or continuously changed and updated．  
Programsfbrwebarchiving，SuChastheInternetArchiveor theSwedishWebArchivingProject，uSe  
WebhaJrVeStingtooIstocollectperiodicsnapshotsofallavailablewebpagesfbralloraportionofthe  
WorldWideWeb［19，31］・Theseprojects havecollected and preservedvaluableresourcesた〉runder－  
StandingtheevolutionoftheInternet，itsgrowth，anditsvarieduses，butwebharvest・ingtooIscannot  
CaptureeVeryiteration ofal1digitaldocuments a5they arealtered and revised byhuman authorsor  
generated”on－the－Ay”bysoftwareagents．  
Anotherconcemistheinteト1inkingofdigi七aldocumentsand thelong－termmanagementOfurl，sand  
Otherhyperlinks・Researchisunderwayonpersistenturl’s，digitalobjectidenti鮎rs，andresoIverservices  
thatcouldprovideameansfor unlquelyidenti＆ingeachiterationofadigitaldocument．Researchis  
neededinthisareasothathyperlinksandcitationstodigitalobjectswil11eadausertothedocument  
asitwaBatthetimealinkwasestablishedoratthetimethatadocumentwascited．Sofar，however，  
SuChmethodologleSandserviceshaveonlybeendeployedinrelativelysmallandfbcusedcommunities．  
Manyrepositorieshaveaddressedthisproblembyadoptingpoliciesthatlimitwhatispreservedinthe  
repositorytotoplevelpagesortoalimited numberoflevelsoflinkedobjects．Inmanycases，aCCeSS  
restrictionsandrightsmanagementCOnCernSpreVentaCquisitionofallofthedocumentsthatarelinked  
fromthetoplevel，eVeniftherepositoryhasapolicyofharvestingmoredeeply・Theproblemsofinteト  
dependenciesandlinkagesamongdigitalobjectsisanextremelydifRcultonethatwillrequlrereSearCh，  
ー12－   
standards，andpolicydevelopmentontechnical，Organizational，andlegalissues・  
ThecurreIltmethodsfor digitalarchivingalsoarernoste鮎ctivewherethereisastrongrelationship  
betweentheproducersofdigitalinfbrmat・ion，the digita11ibrary，andtheusercornmunity・Itismore  
f6asibletoimposestandardsthroughmarketmechanisms，fbrmalagreements，OraPPealstotheinterests  
ofthecommunitywhenthedigitallibraryhasstrongtiestotheproducersandusersofdigitalinfbrmation・  
Severalcommercialpublishers andscholarlysocieties are participatingln reSearCh and development  
prQjectsibrlong－termpreSerVationofelectronicJOurnalsamdotherた）rmSOfscholarlycommunications  
［24，25］．Thesee鮎rtsareattemptingtodevelopmechanismstoenablelong－termpreSerVationwithout  
underminlngthe needsofpublishers torecover costs，generate reVenue，Ormaintainmarketsharefbr  
current materials．   
In conclusion，reCent PrOgreSSin digitalpreservationis a consequence ofthe growlng aWareneSS Of  
longevityas acriticalissuefbr sustainable and useabledigitallil）raries，increasedinvestmentsinre－  
searchanddevelopment，andeqortstofbcusondiscreteandpotentiallysoIvableaspectsoftheproblem・  
As aresult ofthese effbrts，there are muchirnproved models，meChanisms，tOOIs，and organizational  
strategies董brbuildingandmaintainlngdigital1ibrariestllatmayperSistfbrthelongterm・Oneparticu－  
larlye恥ctiveapproachistoworkwithaspecificcomlnunityofprovidersanduserstodevelopstandards，  
acceptablefbrmats董bracquisition，StOrage，and dissemination・Yet，it・isalsoimportanttoremember  
howmuchdigitalinfbrmationfa11soutsidethedomainswheresounddigitalpreservationstrategiesand  
methodologleSarebeingdeveloped・Thecollectingrealmformostdigital1ibrariesanddigitalarchives  
includesavastarrayofheterogeneousmaterial，Createdbyawidevarietyofproducersbutstillofpo－  
tentialvalueto heterogeneouscommunities，including usersfarin the futurewhoseinterests，needs，  
andrequlrementSareimpossibletoanticipate・Wehavedevelopedefrbctivemethods払rpreservlngthe  
contentofsomewelトestablishedfbrrnsandgenresofmaterial，butwehavehadlittlesuccesswithnew  
andemergentfbrmsofdocumentationthatmayrepresentsomeofthemostcreativeandinnovativeuses  
ofdigitaltechnologleS・Ourcurrentrnethodsarestrainedorinadequatetoaddressproblemssuchasdig－  
italartandperfbrmance，COmPlexvisualizations，amddynamicobjectsthataregenerated”on－the－ny・”  
Finally，Wehavelittledataandfbwmodelsbrestimatlngthecostsofdigitalpreservation，definingand  
identibringmorecost－e鮎ctivemethods，Orhrdistributingthecostsamongproducers，digitalreposito－  
riesandusersoftoday，nOttOmentionusersinthefuture・rrheseissueswi11provideampleopportunities  
brresearch，eXPerimentation，anddevelopment壬bryearstocome・  
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